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1 I 

INTRODUCTION 

Because of t h e  h igh  no i se  leve l  generated by the  Sa turn  engines ,  

it is  d e s i r a b l e  t o  be a b l e  t o  determine any sound focusing s i t u a t i o n s  

t h a t  may occur  because of meteorological condi t ions  dur ing  t h e  launch 

phase. 

comfort and poss ib ly  traumata t o  the area's i n h a b i t a n t s  could r e s u l t .  

Tracking and measuring instrumentat ion is  of  a d e l i c a t e  n a t u r e  and 

might s u f f e r  damage from excess ive  noise  and v i b r a t i o n  i f  i n  an a r e a  

s u b j e c t  t o  sound focusing. 

If sound waves should be focused i n t o  a given area, grave d i s -  

For t h e  foregoing reasons,  a procedure has  been der ived a t  LOC 

f o r  determining t h e  presence of focusing s i t u a t i o n s  dur ing  t h e  vehi-  

cle countdown. 

and g raph ica l  methods t o  determine t h e  sound ray  p a t t e r n  along se-  

l e c t e d  azimuths from t h e  launch pad. 

This procedure u t i l i z e s  a combination of  a n a l y t i c a l  

I n  t h e  computation of t h e  sound r ay  p a t t e r n ,  c e r t a i n  s impl i fy-  

i ng  assumptions are made i n  o rde r  t o  f a c i l i t a t e  t h e  computations: 

1. Only propagation of the  wave f r o n t  i n  a v e r t i c a l  p lane  

i n  d i s c r e t e  azimuths is  considered, and only  d i s c r e t e  p o i n t s  on t h e  

wave f r o n t  are considered ( t h i s  permits cons ider ing  t h e  problems i n  

terms of ray  propagation) 

2. Only ho r i zon ta l  winds a r e  considered,, 

3. The sound v e l o c i t y  grad ien t  is assumed t o  be  cons tan t  

between d i s c r e t e  a l t i t u d e  l e v e l s ,  



2 

DIS CUSS1 ON 

The path of a sound ray  through a medium i n  which t h e  v e l o c i t y  v a r i e s  

wi th  he ight  can be c a l u c l a t e d  by t h e  a p p l i c a t i o n  of S n e l l ' s  l a w ,  

where n 1  are t h e  i n d i c e s  of r e f r a c t i o n  on e i t h e r  s i d e  of a boundary 

and $1 and 0, are t h e  angles  of inc idence  and refraction r e s p e c t i v e l y ,  If 

e a  

and n 2  

and e2 are  t h e  angles  made wi th  t h e  h o r i z o n t a l ,  w e  may write 

n 1  cos = n2  cos e or 2 

- 
c being a cons tan t  r e fe rence  ve loc i ty .  

When t h e  ray becomes h o r i z o n t a l ;  

1 - -  - -  COS e 
cO e 

co being  the  v e l o c i t y  a t  a he ight  where t h e  r ay  becomes h o r i z o n t a l .  

The path of  a sound ray  through a l a y e r  of f l u i d  of cons tan t  sound 

v e l o c i t y  gradient  g is an arc of a circle. 

de t h a t  t h e  curvature  of  a r ay  - ds 
grad ien t  dc 
stant. 

This  fo l lows  from t h e  fact  

is  d i r e c t l y  p ropor t iona l  t o  t h e  v e l o c i t y  

and i f  t h e  grad ien t  is cons tan t ,  then  t h e  curva ture  i s  con- 
dz ' 

Consider t h e  arc of a circle of r a d i u s  R as shown i n  Figure 1. 

R-dl 

R 
COS 8% = - 



FIGURE 1 
SOUND RAY PATH IN A FLUID OF CONSTANT VELOCITY GRADIENT 

d l  = (1-cos 8, ) R 

Ad = d,-dl = R (cos e l  - cos 8, 1 

b u t ,  

c2 = c 1  t g A  d 

c- - c .  



From S n e l l ' s  l a w ;  

c = co cos 8, 
2 

c1 = c0 COS e l  

c cos 0, - co cos e ,  
0 = R (COS 8, - COS e, 

g 

C R = ------ 
-g cos e 

For the  s i t u a t i o n  i,,ustratec i n  Figure t h e  v e l o c i  -y g rad ien t  i s  

i n t r i n s i c a l l y  nega t ive  and hence R i s  p o s i t i v e .  

were p o s i t i v e ,  R would be nega t ive  and t h e  path would curve downward r a t h e r  

than upward. 

I f  t h e  v e l o c i t y  grad ien t  

Three cases a r i se  deperiding upon whether g is  nega t ive ,  zero, 

o r  p o s i t i v c .  

Case 1, g negat ive  (Fig.  2 )  

IC t h e  i ' t l i  l aye r ,  

'i 

Cos e i j  being the  cos ine  of t h e  angle  i n  t h e  i ' t h  l a y e r  for t h e  j ' t h  ray.  

For any ray  i n  t h e  i ' t h  l aye r ,  

cos  e i j  1 
---.-- = -- = kj (cons tan t  f o r  a givcn ray)  

ci cO 



FIGURE 2 
CASE 1, g NEGATIVE 

For any ray i n  the  ( i  + 1) layer ,  

The horizontal  component of sound t r a v e l ,  G i ,  within l e v e l  i is  

given by 

G i  = I$ [ s i n  e ( i + l l j  - s i n  e . . ]  
13 

The a l t i t u d e  of ray j a t  t h e  top of  layer  i i s  equal t o  the  a l t i t u d e  h 

of the ( i + l ) t h  layer,  or, 
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FIGURE 3 
CASE 2, g ZERO 

Case 2 ,  g zero (Fig 3 )  

- -hi)  c o t  8.. 
1J 

Gi - (hi+l 

l i .  = h 
I j  i+l  

Case 3 ,  g p o s i t i v e  

Under t h i s  case, t h e r e  a r e  two subcases ,  

t h a t  i s ,  where the  r ay  p e n e t r a t e s  o u t  o f  t h e  i ’ t h  l a y e r ,  and, 

b .  R i  ( 1  -cos e i j )  < h i + l  - hi (Fig.  5 )  

t h a t  i s ,  where t he  r ay  reaches i t s  maximum a l t i t u d e  wi th in  t h e  i ’ t h  l a y e r  

and then  t u r n s  downward. 
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/ 

FIGURE 4 

CASE 3a, g POSITIVE 

FIGURE 5 

CASE 3b, g POSITIVE 
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a.  Ri  ( l -cos  > 

COS e = k  c 
( i + l > j  j i+l  

Gi = R .  1 [ s i n  e i j  - s i n  O(i+llj  1 

H i j  = h i + l  

( 1  - COS e i j )  

For a l l  cases ,  t h e  d i s t a n c e  t r a v e l e d  by t h e  sound i n  t h e  a i r  mass 

i s  n e a r l y  

..----..-- 
./ ( H .  . - hi)2 + G i 2  

1J 

Owing t o  the  large r ad ius  of cu rva tu re  o f  t h e  sound  r ay  i n  t h e  l a y e r ,  

t h e  s l a n t  d i s t ance  given by the  above formula c l o s e l y  approximates t h e  

length  o f  t h e  t rue  c i r c u l a r  pa th .  

d i s t a n c e  i s  found by d i v i d i n g  t h c  s l a n t  d i s t a n c e  by t h e  average v e l o c i t y  

i n  t h e  l aye r .  

The time f o r  t h e  r a y  t o  t r a v e r s e  t h e  

c .  + c 
1 ( i + l )  

l'hc h o r i z o n t a l  component of a i r  mass displacement a long t h e  azimuth l i n e  

due t o  wind during t h i s  time is  found by mul t ip ly ing  t h i s  time t i  by t h c  

average wind v e l o c i t y  component along t h e  azimuth l i n e  i n  t h e  l aye r .  
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where W = Wi cos (A  - Awi) i A  

The ground range of t h e  propagated r ay  i s  t h e  sum o f  t h e  d i s t a n c e  

t r a v e l e d  by t h e  r a y  i n  each a i r  mass l a y e r ,  and t h e  t o t a l  a i r  mass 

movement . 
i 

G i j  = C (Ci + Gwi) 
0 

. 

The accumulated ray  pa th  length i s  g i  I 

i 
’ij = c J ( H i j  - hiI2 + (Gi + Gwi l 2  

The accumulated sound t r a v e l  time w i l l  

by t h e  average v e l o c i t y  of t h e  sound ray. 

be t h e  pa th  lenEth d iv ided  

These ope ra t ions  have t o  be performed f o r  each r ay  j .  Typical ray 

depa r tu re  ang le s  de f in ing  t h e  d i f f e r e n t  r a y s  j are: 

O 0  0O 

2 O  l o o  

4 O  20° 

6’ 30 

20,000 ft.  Hmax - c 80,000 f t .  %ax - 
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‘The f i r s t  group of  depa r tu rc  angles  is used f irst  t o  ana lyze  t h e  lower 

a l t i t u d e  region, i n  which focusing s i t u a t i o n s  are  most l i k e l y  t o  occur’. 

O n l y  i f  this a n a l y s i s  shows a s t r o n g l y  d i s t u r b e d  r ay  p a t t e r n ,  compu- 

t a t i o n s  a r e  performed f o r  t he  a l t i t u d e  rcg ion  above 20,000 f t .  

Rays a r e  p l o t t e d  p o i n t  by p o i n t  us ing  t h e  coord ina te s  I l i j  and G i j  

t ak ing  layers  every 100 f e e t ,  The s t anda rd  Rawinsonde ou tpu t  d a t a  

a r e  a v a i l a b l e  a t  AN1t i n  form o f  punched cards .  These c a r d s  are 

d i r e c t l y  used  a s  input  i n t o  t h e  LOC sound r a y  computation program, 

provid ing  the information on wind speed, wind d i r e c t i o n ,  temperature ,  

humidity and barometr ic  p re s su re  a s  func t ion  of  a l t i t u d e .  The sound 

propagat ion ve loc i ty  a t  l c v e l  i i s  computed by: 

(273.15 + T i )  
273.15 + Ti J * ci = 65.800243 J 

c 

The program output  c o n s i s t  of  punched cards  con ta in ing  one po in t  

( H i j *  G .  . )  each f o r  automatic  p l o t t i n g  by an XY-plotter u s ing  card  inpu t .  
1 3  
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I 
I 
I 
I 
t 
I 
I 

The following diagram i l l u s t r a t e s  t h e  d a t a  flow: 
- -- - - - - -. - -  

I Rawinsonde k 7 
\ 

1 i n  f l i g h t  

- - -1 - 

AFMTC 
(Pa t r i ck  AFB ) 

I 1 TM Receiver l--q-A/D Converter I--+ IBM 1620-ty Card Deck --- Computer (Metro, Data) 

LOC (Cape Canaveral) I 
i - - _ . -  _L L - -  - -  - - -  - - 

Where Ti = A i r  temperature ["C] 

AHi = Absolute humidity [gram/meter3] 

Pi = Barometric pressure  [ m i l l i b a r s ] ,  

a l l  values  a t  l eve l  i 

The ray p a t t e r n  p l o t  so obtained is  then compared with t h e  s t anda rd  

sound propagat ion over lay  (Fig,  6 ) .  This over lay  i n  t h e  same s c a l e  as 

t h e  H i j ,  G i j  

uses  the  ARDC Model Atmosphere 1959 fo r  temperature and barometric pressure 

p l o t  - has been computed under the  assumption of no wind and 

data. 
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FIGURE 6 ( 1 3 3 d )  aan i i i i v  
STANDARD SOUND PROPAGATION P L O T  
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Typical  (A t t i t ude ,  Ground Range) p l o t s  are shown i n  Figure 7, The a c t u a l  

s ize  of  t h e  p l o t s  a r e  40x50 cent imeters  scaled to  correspond t o  0 - 80,000 

feet a l t i t u d e  range and 0 - 100,000 f ee t  ground range,  

The foregoing a n a l y s i s  assumes a veh ic l e  on t h e  pad, although t h e  

sound focus ing  problem a t  LOC has t o  deal  with a veh ic l e  i n  f l i g h t  r a t h e r  

than  wi th  a s t a t i o n a r y  one, The task of  a v e h i c l e  i n  f l i g h t  seems more 

complicated than t h e  a n a l y s i s  of  a s t a t i c  boos te r  f i r i n g ,  b u t  it can be 

shown, t h a t  a t  least  i n  the  case  o f  no winds, only one s tandard  sound ray  

p a t t e r n  computation is eve r  r equ i r ed ,  Th i s  case may then  be u t i l i z e d  as a 

first i n d i c a t i o n  o f  p o t e n t i a l  focusing s i t u a t i o n  for  a veh ic l e  i n  f l i g h t  

i n  t h e  presence o f  wind, 

The r e c i p r o c i t y  of sound source and receiyer i n  t h e  absence of wind 

is  first considered,  

as descr ibed  earlier. 

r o t a t i o n a l  symmetry about t h e  h = axis  So far ,  t h e  launch pad has been 

implied as o r i g i n ,  bu t  t h e  ins tan taneous  sub-vehicle  po in t  f o r  i n s t ance  

could be  s e l e c t e d  as w e l l ,  In  any event  t h e  computed sound ray  p a t t e r n  

would be geometr ica l ly  i d e n t i c a l  because of t h e  absence of  wind and because 

of t h e  assumptions made a t  t h e  ou t se t  ‘ f h  fa l lowinp  e x e r c i s e  

w i l l  exp la in  t h e  underlying i d e a ,  

been chosen as o r i g i n  (Fig,  8 ) ,  

and a l t i t u d e  h f P  a focus ing  s i t u a t i o n  i s  d e t e c t e d  f o r  a v e h i c l e  with 

engines  ope ra t ing  a t  t h e  launch pad. 

a r i n g  a t  a he ight  hf and with a r ad ius  Gf 

We assume t h a t  a sound r a y  p a t t e r n  has been obta ined  

In t h e  absence o f  wind, t h i s  p a t t e r n  w i l l  have 

I t  i s  assumed t h a t  t h e  launch pad has  

(From ref, 3 ) ,  A t  ground d i s t a n c e  Gf 

The locus of focus p o i n t s  w i l l  b e  
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Th i s  s i t u a t i o n  i n  i t s e l f  does not seem t o  c r e a t e  a focusing condi t ion  

anywhere a t  t he  ground, 

o u r  computations was a t  po in t  S ins tead  of  t h e  launch pad, 

so obta ined  (F ig ,  9 )  would be geometr ical ly  i d e n t i c a l  with t h e  p a t t e r n  of 

Figure 8 and, being a l s o  symmetrical with r e spec t  t o  the  h a x i s ,  would show 

t h a t  t h e  moment the  v e h i c l e  is  a t  the a l t i t u d e  hf above t h e  launch pad, a 

sound focus ing  s i t u a t i o n  would e x i s t  f o r  a l l  ground p o i n t s  s i t u a t e d  on a 

c i rc le  about t h e  launch pad with the  r a d i u s  G f o  

Let us  now a r b i t r a r i l y  assume t h a t  t h e  o r i g i n  of 

The p a t t e r n  

The same reasoning a p p l i e s  i f  the launch pad i s  rep laced  by t h e  sub- 

v e h i c l e  po in t ,  i n  t h e  event  t h a t  the v e h i c l e  has  a l r eady  t i l t e d  i n  i ts  

ascen t  and i s  no t  over  t h e  launch pad any more, 

on ly  one s e t  of computations i s  ever  requi red  t o  a r r i v e  a t  a sound ray  p l o t  

t h a t  can then  be used t o  analyze sound focus ing  s i t u a t i o n s  f o r  any v e h i c l e  

a l t i t u d e  and p o s i t i o n  wi th in  t h e  boundaries of  t h e  p l o t ,  

Io t h e  absence o f  wind, 

The r e c i p r o c i t y  of  sound source and r e c e i v e r  i n  t h e  presence of wind 

is  considered next .  This  type of a n a l y s i s  is only s u i t a b l e  f o r  s e l e c t e d  

s t a t i o n s  on t h e  ground, The presence of wind makes a p a r t i c u l a r  sound r a y  

p a t t e r n  computation v a l i d  only f o r  a s e l e c t e d  azimuth from t h e  launch pad, 

In  t h e  former r e c i p r o c i t y  case (no wiqd), propagat ion i n  oppos i t e  d i r e c t i o n s  

a long  t h e  same geometric pa th  was t a c i t l y  admit ted,  This  be ing  no longer  

acceptab le ,  no t  only t h e  o r i g i n  and azimuth, b u t  even a p a r t i c u l a r  ground 

p o i n t  wi th in  t h a t  azimuth have t o  be s p e c i f i e d ,  Assuming t h e  v e h i c l e  

r i s i n g  v e r t i c a l l y  above i ts  launch pad (any o t h e r  sub-vehicle  p o i n t  would 

r e q u i r e  sepa ra t e  r ay  p a t t e r n  computations),  w e  have t o  select t h e  ground 

s t a t i o n  of i n t e r e s t  as o r i g i n ,  compute t h e  wind components i n  t h e  vertical  

p lane  conta in ing  ground s t a t i o n  and launch pad,, and w i l l  even tua l ly  o b t a i n  
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F I G U R E  8 
SOUND F O C U S I N G  WITH T H E  L A U N C H  P A D  A S  ORIGIN 

F I G U R E  9 
SOUND F O C U S I N G  W I T H  P O S I T I O N  S A S  ORIGIN 



a sound propagat ion ray p l o t  v a l i d  o n l y  f o r  the selectelf  ~ , ~ o i m c i  s t : t t i on ,  

This  way, we have a c t u a l l y  t r e a t e d  the ground s t a t i o n  as sound source ,  

To allow f o r  t h e  f a c t  t h a t  t h e  a c t u a l  sound propagat ion t akes  p lncc  i n  

t h e  oppos i t e  d i r e c t i o n ,  we must in t roduce  t h e  p r e v a i l i n g  wind components 

also i n  t h e  oppos i te  d i r e c t i o n ,  For proof ,  cons ider  Figure 10. 

A sound ray  leaving  t h e  veh ic l e  i n  t h e  absence of wind would follow 

t h e  pa th  B' BS1 as it t r ave r sed  t h e  l a y e r s  T2 and T1 of  d i f f e r e n t  i nd ices  

o f  r e f r a c t i o n .  

t r a v e r s e  t h e  pa th  SIBB'. 

Conversely a ray leaving t h e  ground s t a t i o n  ( S I )  would 

Now assume t h a t  t h e r e  is wind of v e l o c i t y  w blowing from l e f t  t o  r i g h t .  

I n  t h i s  case t h e  ray  pa ths  are n o t  r e v e r s i b l e ,  f o r  a ray leaving t h e  ground 

s t a t i o n  w i l l  fo l low t h e  path SICC', and a ray  leaving  t h e  v e h i c l e  a t  loca- 

t i o n  C' w i l l  fo l low t h e  pa th  C'DE,  

an a l t i t u d e  H2, then  t h e  d i r e c t i o n  of t h e  wind must a l s o  be  assumed t o  b e  

rcversed ,  i . e . ,  t r a v e l i n g  from r i g h t  t o  l e f t  with a v e l o c i t y  -w. In t h i s  

case, a sound ray which would have a d i r e c t i o n  of propagat ion S i; with no 

wind and a d i r e c t i o n  SIC with t h e  a c t u a l  wind would have a d i r e c t i o n  S I A  

under t h e  assumed wind condi t ions  and would i n t e r s e c t  t h e  v e h i c l e  a t  A ' -  

I f  t h e  sound pa th  i s  t o  be reversed  f o r  

1 

Note t h a t  t h e  rays S AA' and C'DE are geometr ica l ly  i d e n t i c a l ,  b u t  
1 

have an oppos i t e  sense  o f  propagat ion,  I t  i s  t h e r e f o r e  p o s s i b l e  t o  super-  

impose t h e  two r ays  a t  S1 with t h e  r e s u l t  t h a t  i d e n t i c a l  ray  geometry w i l l  

be achieved f o r  a computed ray  SIAA' (assuming wind -w) and f o r  t h e  actual 

sound propagat ion ray  under wind w and wi th  t h e  v e h i c l e  a t  A' ( In  t h e  

absence of wind t h e  ray  from A' would be  p a r a l l e d  t o  BIBS.) 
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SOUND RAY PATHS AS INFLUENCED B Y  WINDS 
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We w i l l  now discuss  t h e  s ign i f i cance  of t h e  sound focusing problem a t  

Cape Canaveral. 

George C. Marshall  Space F l i g h t  Center,  s i g n i f i c a n t  d i f f e rences  i n  sound 

i n t e n s i t y  were noted i n  t h e  surrounding areas on var ious  days, 

t e n s i v e  sound a n a l y s i s  program is being conducted a t  MSFC with emphasis on 

t h e  effects t o  be expected i n  the  Huntsv i l le  urban areao The s i t u a t i o n  i n  

t h e  Cape Canaveral area is d i f f e r e n t  i n  s e v e r a l  r e spec t s .  

meteorological  condi t ions  t h a t  favor  sound focusing are mainly pronounced 

temperature invers ions .  Northern Alabama experiences t h i s  condi t ion  much 

more f r equen t ly  than Cent ra l  F lor ida .  Second, t he  topographic condi t ions  

a t  Hun t sv i l l e  tend t o  f u r t h e r  d i s t u r b  t h e  a i r  l aye r  s t r u c t u r e  e s p e c i a l l y  

i n  connection with winds and may even cause echo e f f e c t s ,  while  t h e  f l a t  

t e r r a i n  around Cape Canaveral has n e i t h e r  effect. 

sound f i e l d  effects a s t a t i o n a r y  vehic le  creates are much more severe  than 

those  c rea t ed  by a f l i g h t  vehic le .  

(vehic le )  and r e c e i v e r  occupy corresponding focus p o i n t s  (Figures  8 and 9), 

The e s s e n t i a l  d i f f e rence  between a s t a t i o n a r y  and f l i g h t  v e h i c l e  is t h a t  

t h e  s t a t i o n a r y  veh ic l e  remains a t  i ts  focus p o i n t  i n d e f i n i t e l y ,  while  t h e  

f l i g h t  v e h i c l e  passes  only through its focus p o i n t  wi th in  a f r a c t i o n  o f  a 

second, thereby c r e a t i n g  abnormal sound i n t e n s i t y  a t  t h e  ground j u s t  f o r  

t h a t  s h o r t  i n t e r v a l .  The only exception is  the  l i f t - o f f  phase,  dur ing  

which t h e  engines  ope ra t e  f o r  severa l  seconds a t  t h e  launch pad. 

t h e  e f f e c t  would las t  only f o r  seconds as opposed t o  s e v e r a l  minutes i n  

case of a s t a t i c  f i r i n g .  

During f u l l  time s t a t i c  f i r i n g s  of t h e  Saturn boos te r  a t  

An i n -  

F i r s t ,  t h e  

But most of a l l ,  t h e  

In case  of sound focusing, source  

Again, 

As t he  veh ic l e  gains  a l t i t u d e ,  s e v e r a l  f a c t o r s  i n f luence  t h e  sound 

i n t e n s i t y  being received on t h e  ground. 
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Barring upper a i r  facus ing  condi t ions ,  t h e  sound p res su re  l e v e l s  

caused by a f l y i n g  veh ic l e  w i l l  be  always smal le r  t h a t  those produced 

by the  same veh ic l e  s tanding  with ope ra t ing  engines on t h e  launch pad, 

To i n v e s t i g a t e  t h e  e n t i r e  s i t u a t i o n ,  one may u t i l i z e  the  genera l  ex- 

press ion  f o r  t h e  sound pres su re  level. 

SPL = PWL - 10 ( 1  + log A) - 20 log Irl - 10 log  400 - [db] 

where 

I PWL The power l e v e l  of t h e  sound source  i n  db, re ferenced  t o  

a power of 10-13 watts, (PWL = 10 log - I >  

10- 1 3  

A The p a r t  of a s p h e r i c a l  su r f ace  i n  s t e r a d i a n s  through which 

sound is propagated, The assumed sphere  has  u n i t  r ad ius  and 

i s  cen tered  around t h e  sound source.  

For  ins tance :  

A = 4n f o r  s p h e r i c a l  propagat ion 

A = 2n f o r  hemispherical  propagat ion 

r Distance between sound source and t h e  po in t  i n  meters ,  where 

SPL is  experienced ( r e c e i v e r ) ,  

The a i r  dens i ty  i n  kg-m-3 a t  t h e  sound source .  
P O  

C The sound v e l o c i t y  i n  m-sec-l a t  t h e  sound source.  

Assuming t h e  following i d e n t i t i e s , ,  

X = -10 (1 + log A) 

Y = -20 log Irl 

400 z = -10 log - 
POC 
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t h e  formula f o r  t h e  sound p res su re  l eve l  can be s impif ied  t o  

SPL = PWL + X + Y + Z [db] 

To begin t h e  d iscuss ion  with t h e  source power level, PWL, a t y p i c a l  va lue  

f o r  a Sa turn  S-I boos te r  having 1 ,3  mi l l ion  pounds of  t h r u s t  is  207 db with 

a s t anda rd  e r r o r  o f  + 8 , l  db. This  value i s  based on a t o t a l  of 17 obser- 

va t ions  during SA-1, 2 and 3 launchings. See appendix A. Sound observa- 

- 

t i o n s  beyond 5000 meters d i s t ance  from t h e  launch pad were discarded be- 

cause they show c l e a r l y  sys temat ic  in f luences  of meteorological  condi t ions  

on t h e  sound propagation. Based on t h i s  empi r i ca l ly  obtained power l e v e l ,  

t h e  fol lowing equat ion can be used t o  p r e d i c t  o t h e r  power l e v e l s :  

[db I F PWL = 207 + 10 log - 
1.3 

where 

F = Thrust o f  s t a g e  i n  lo6 lbs.  

As a veh ic l e  gains  a l t i t u d e ,  t h r u s t  w i l l  i nc rease  above t h e  value a t  

sea  l e v e l ,  I n  t h e  case of t h e  Saturn S-I s t a g e ,  t h i s  i nc rease  causes nea r ly  

1 db r i s e  i n  power l e v e l  during t h e  l a t te r  p a r t  o f  powered f l i g h t .  A 3 db 

drop of power l e v e l  is experienced from t h r u s t  t e rmina t ion  of t h e  fou r  S-I 

i nne r  engines.  The following t a b l e  of events  w i l l  i l l u s t r a t e  t h e  S-I power 

l e v e l  behavior.  

Event PWL 

L i f t - o f f  207 db 

Prior t o  i n n e r  engine 
c u t o f f  208 db 

After i n n e r  engine 
c u t o f f  205 db 
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The next  term i n  t h e  sound p res su re  equat ion:  

X = -10 (1 = log A) [db] 

con t r ibu te s  t o  t h e  sound p r e s s u r e  l e v e l  i n  a more complicated way. As 

long as the v e h i c l e  occupies  t h e  launch s t and ,  - -  semispher ica l  sound propa- 

ga t ion  takes p l ace  s o  t h a t :  

A = 2 r  and X = -10 ( 1  + log 2n) = -18 db 
ground ground 

I n  f l i g h t ,  s p h e r i c a l  sound propagat ion leads  t o  a va lue  

A = 4r and X = -10 (1 + log 4 n) = -21  db 
a l o f t  a l o f t  

This  la t ter  condi t ion  p r e v a i l s  only as long as t h e  veh ic l e  has n c t  y e t  

reached Mach number one. Once t h i s  happens, t h e  a r e a  A of sound propa- 

ga t ion  depends s o l e l y  on the  Mach number M ,  t h a t  i s  t o  say ,  t h e  Mach 

angle  a This angle  i s  def ined  as 

1 
M 

a = a rc  s i n  - f o r  M > 1 - 
Sound w i l l  propagate  only wi th in  t h e  cone def ined  by t h e  v e h i c l e  

a x i s  (more s t r i c t l y  by t h e  d i r e c t i o n  o f  t h e  v e h i c l e  v e l o c i t y  vec tor )  and 

t h e  cone angle 2a. Such an angle  produces on t h e  u n i t  sphere  t h e  area 

a 
2 

A = 4 u s i n 2  - [ s t e rad ]  

so t h a t  t h e  X-value a l o f t  f i n a l l y  becomes 

= 

= -10 (1 + log  47) = - 2 1  db f o r  M g 1 

-10 (1 + log 4n s i n *  2 
Xaloft  2 

f o r  M - > 1 



The confinement of t h e  t o t a l  sound energy t o  a cone means an increased  

c o n t r i b u t i o n  of t h e  X-value t o  t h e  sound p res su re  level with increas ingMach 

number. Numerical va lues  can be obtained from t h e  a t tached  X-graph (Fig.  l l ) ,  

Sound o r i g i n a t e d  a f t e r  t h e  veh ic l e  reaches Mach number one w i l l  only be ob- 

served by ground s t a t i o n s  s i t u a t e d  i n s i d e  t h e  p r e v a i l i n g  "2a Mach-cone". 

The fol lowing term 

Y = -20 log Irl [db] 

i n  t h e  equat ion f o r  sound p res su re  leve l  depends only on t h e  d i s t ance  o f  t he  

sound r e c e i v e r  from t h e  sound source.  

p re s su re  decrease observed on t h e  ground as t h e  veh ic l e  ascends.  

This  term accounts f o r  t h e  r ap id  sound 

Values f o r  

Y can be obtained from the  a t tached  Y-graph (Fig. 12) ,  

The last  term 

[dbl 
400 z = 10 log - 
8 

is a func t ion  of a i r  dens i ty  and t h  sound v e l  i t y ,  both p r e v a i l i n g  t 

the  sound source.  Using a s tandard  atmosphere model, Z may be expressed a s  

func t ion  of  sound source a l t i t u d e ,  as has  been done i n  t h e  a t t ached  Z-graph 

(Fig., 13) .  

level 

The constant  value 400 produces a n e a r l y  zero va lue  f o r  Z a t  sea 

As an a i d  t o  t h e  p red ic t ion  of  sound p r e s s u r e  l e v e l s ,  a nomograph has 

been cons t ruc ted  showing t h e  func t iona l  dependence of t h e  sound p res su re  

l e v e l  (SPL) on t h e  power l e v e l  (PWL) o f  t h e  source  and t h e  d i s t a n c e  from t h e  

source (Fig. 14).  

square meter (0.0002 microbar) and the  PWL r e fe rence  was taken t o  be 

watts. 

values on any two of the scales and reading the unknown from the third scale. 

The SPL re ference  was taken t o  be 2X10-5 newtons p e r  

The nomograph is used by laying a straight edge connecting the known 



24 

100 
90 
80 
70 

60 

50 

40 

30 

20 

10 
9 
8 

7 

6 

5 

4 

3 

2 

1 

FIGURE 11 
X A l o f t  AS A FUNCTION OF MACH NUMBER 

-20db  -10db Odb + 1 0 d b  +20db +30db 



25 

100,000 

10,000 

E aJ 
Y 

2 - L 1,000 
w 

aJ 
01 
5 m a 

100 

10 
-20db -30db -40db -50db -60db -70db -80db 



26 

100 
90 
80 
70 

60 

50 

40 

30 

20 

10 
9 
8 

7 

6 

5 

4 

3 

2 

1 
Odb - 1 0 d b  -20db - 3 0 d b  - 4 0 d b  - 5 0 d b  -60db 



27 

- 
- 
- 140 

- 
- 
- I30 

- 

- 120 

- 

-I10 

- 

- 100 

- 

- 90 

- 

? 
% 

k 
4 a 
k 
S 
k 

L 

100 
80 

60 

40 

2 0  

IO 

7 5 .  

5 .  
4 .  

3 .  

2 .  

1.5 . 
1.3 - 
I .  

.8 - 

.6 - 

.4 - 

.2-  

.15- 

2 2 8  

2 2 6  

2 2 4  

2 2 2  

2 2 0  

-NOVA (ESTIMATE) 

218 

216 

SATURN V 
2 I4 

212 

210 

=SATURN I 

2 0 6  

204 

202 

200 

98 
JUPITER 

-1 .8 

3 

4 

5 

6 

7 

2 5 8  
9 

3 I IO 
I 

12 

14 

16 
18 

2 0  

25 

70 

80 
90 
100 

I 2 0  

140 

5 0  KM{'"' 180 

M-LVO-EF JAN. 1963 

F IGURE 14 
SOUND PRESSURE MONOGRAPH 



I 29 

SUMMARY 

A r e l a t i v e l y  simple method has been developed f o r  p r e d i c t i n g  sound 

I n  t he  case  

An analy- 

r ay  focusing, both wi th  wind and under no wind condi t ions .  

of no wind, only one s tandard  sound ray p a t t e r n  is  requi red ,  

sis of a c t u a l  sound measurement d a t a  of SA-1, SA-2, and SA-3 launching 

has shown t h a t  t h e  normal sound pressure  l e v e l  a t  p o i n t s  on t h e  ground 

fol lows - the  t h e o r e t i c a l  law, ( s e e  appendix). 

S P L  = PWL - 18 - C log  r I 1  
where 

PWL = 206.5 + 8.1 db - 
C =  19.6 + 2.0 - 
r = range i n  meters 

In  a c t u a l  use of t h i s  equat ion,  PWL is taken t o  be 207, and C is  taken 

t o  be 20, 
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APPENDIX 

The va lue  o f  207 db corresponding t o  t h e  Sa turn  C - 1  boos te r  t h r u s t  

of 1.3 m i l l i o n  pounds was obtained by an a n a l y s i s  of sound l e v e l  measure- 

ments made on SA-1, SA-2, and SA-3. (Refs 1 and 2) A least squares  a d j u s t -  

ment of t h e  d a t a  was performed t o  a r r i v e  a t  t h e  most probable  va lue ,  

The t abu la t ed  va lues  of  t h e  range and t h e  measured SPL's 

below: 

Vehicle  Range 
meters 

SA-1 (Figure 15) 1524 

450 5 

10302 

15773 

16551 

22037 

24262 

26441 

28000 

 SA-^ (Figure 16) 30 1 

1524 

4294 

4505 

7523 

9022 

10302 

are shown 

SPL 
db 

122 

122 

102 

105 * 

108f 

96 * 

89 

9 7* 

87* 

137 

126 

112* 

122* 

113* 

124* 

112* 



Vehicle 

SA- 2 

SA-3 (Figure 17) 

Range 
meters 

14794 

15773 

16551 

21717 

22037 

22877 

23379 

24262 

26441 

45 

60 

183 

366 

1524 

4294 

4511 

7523 

9022 

10302 

14794 

15574 

21717 

22877 

23379 

24262 

26441 

SP L 
db 

106* 

110" 

108* 

105* 

106* 

96 * 

93* 

103* 

103* 

153 

150 

148 

140 

1 2 4  

116 

117 

115 

112 

112  

104 

105 

109 

108 

105 

111 

100 
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The va lues  marked with an asterisk have been co r rec t ed  by having 

3db sub t r ac t ed  from t h e  observed values t o  t ake  i n t o  account s p h e r i c a l  

i n s t e a d  of hemisperical  propagat ion.  

l o g i c a l  condi t ions  were such t h a t  even t h e  h o r i z o n t a l  sound r ays  o r i g i -  

n a t i n g  from t h e  v e h i c l e  on t h e  pad were r e f r a c t e d  upwards. 

no sound waves propagated along t h e  ground s u r f a c e  reached t h e  loca t ions  

i n  ques t ion ,  and t h e  sound p res su re  l e v e l s  recorded t h e r e  were due t o  

t h e  r ays  o r i g i n a t i n g  from t h e  veh ic l e  i n  f l i g h t .  

waves t r a v e l i n g  through t h e  a i r  and spreading out  s p h e r i c a l l y  (not  

cons t ra ined  a long  t h e  s u r f a c e  o f  t h e  e a r t h )  would be sub jec t ed  t o  

s p h e r i c a l  i n s t e a d  o f  hemispherical  divergence. For t h i s  reason, t h e  

f a c t o r  4n i n s t e a d  of  2n would have t o  b e  used i n  t h e  SPL equat ion.  

(Page 23 ) 

A t  t h e  time o f  f i r i n g ,  meteoro- 

Therefore  

Therefore ,  t h e  sound 

I n  Figures  15, 16, and 17  are shown t h e  SPL vs range curve f o r  

SA-1, SA-2, and SA-3. The value of  t h e  PWL used i n  t h e  curve marked 

theory  was a p red ic t ed  va lue  from reference 4. 

t h e  f i n a l  va lue  of PWL from t h e  t h r e e  v e h i c l e s  was + 8.1 db. The s tandard  

dev ia t ion  i n  t h e  c o e f f i c i e n t  of log Iri was + 2.0 db. 

t h e  func t ion  (206.5 + 8.1)-18.0 -(19,6 + 2.0) log Irl i s  showr; i n  F i p r e  18. 

with t h e  c e n t e r  l i n e  be ing  t h e  most probable  va lue  of  t h e  func t ion ,  and 

t h e  two l i m i t  l i n e s ,  t h e  1 0  values  of t h e  dev ia t ions .  

The s tandard  dev ia t ion  of  

- 
An e r r o r  p l o t  o f  - 

- - 
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